Griseofulvin is a fungal metabolite and antifungal drug used for the treatment of dermatophytosis in both humans and animals. Recently, griseofulvin and its analogues have attracted renewed attention due to reports of their potential anticancer effects. In this study griseofulvin (1) and related analogues (2-6, with 4 being new to literature) were isolated from Xylaria cubensis. Six fluorinated analogues (7-12) were synthesized, each in a single step using the isolated natural products and Selectflour, so as to examine the effects of fluorine incorporation on the bioactivities of this structural class. The isolated and synthesized compounds were screened for activity against a panel of cancer cell lines (MDA-MB-435, MDA-MB-231, OVCAR3, and Huh7.5.1) and for antifungal activity against Microsporum gypseum. A comparison of the chemical space occupied by the natural and fluorinated analogues was carried out by using principal component analysis, documenting that the isolated and fluorinated analogues occupy complementary regions of chemical space. However, the most active compounds, including two fluorinated derivatives, were centered around the chemical space that was occupied by the parent compound, griseofulvin, suggesting that modifications must preserve certain attributes of griseofulvin to conserve its activity.
Introduction
Bioactive secondary metabolites have had a long history in medicine, as they provide privileged scaffolds for drug discovery. [1] [2] [3] [4] As testament to this, from 1981 to 2014 over half of the new small molecule drugs approved by the U.S. FDA were natural products or natural product-derived/natural product-inspired. 5, 6 The success of natural products as source of therapeutic agents is driven by their biochemical specificity and high chemical diversity, occupying distinct regions of chemical space that coincide with clinically relevant areas. 2, 7 Fungi are one of the most species-rich organisms, second only to insects, offering a vast resource for discovery of new drug leads. Our recent collaborative efforts underscore the structural complexity and diversity of fungal metabolites. [7] [8] [9] As promising compounds are identified, these structural features are of particular relevance, as they can be used to stimulate semi-synthetic 10, 11 approaches to explore structure-activity relationships and produce new drug candidates.
The natural product griseofulvin (1, Fig. 1 ), (2S,6 0 R)-7-chloro-2 0 ,4,6-trimethoxy-6 0 -methyl-3H-spiro[benzofuran-2,1 0 -cyclohexan]-2 0 -ene-3,4 0 -dione, is a potent antifungal drug orally administered for the treatment of dermatophytosis (i.e., fungal infection of the skin) in both humans and animals. [12] [13] [14] [15] Since its isolation and discovery from a filamentous fungus in 1939, 16 most research has focused on the identification of griseofulvin analogues, either from nature or synthetically, but to date, only the original compound (1) has been developed into a marketable antifungal drug, first approved in 1959. 13 Recently, there has been a renewed interest in 1 due to its antimitotic and antiproliferative activities against various types of cancer cells. [17] [18] [19] [20] [21] Griseofulvin has a mode of action that is still not well understood, but disruption of the microtubule dynamics in both fungal and mammalian cells has been proposed. 13, 22, 23 Thus, aside from being an antifungal drug, it may also be a clinically-viable candidate for cancer chemotherapy. [21] [22] [23] [24] [25] [26] Due to these reasons, it was decided that the isolation and semi-synthesis of griseofulvin analogues was worth further investigation. The introduction of fluorine into a bioactive compound has been shown to impart a range of effects, often altering physicochemical profiles by modulating acid/base properties, electronegativity, lipophilicity, and metabolic stability. 27, 28 Focusing on these unique
properties, fluorine has been exploited in the design and optimization of biologically active molecules. 27, 29, 30 With our interest in late stage fluorination of secondary metabolites, 10 we envisioned the ability to prepare various fluorinated griseofulvin derivatives. Our approach hinged on the chemoselective nature of Selectfluor as an electrophilic fluorinating reagent. Since the starting materials were the isolated fungal metabolites, it was essential to limit any side reactions of the vinyl ether or epimerization of the asymmetric centers. We further rationalized that 1, already proven to be a successful therapeutic, was a good candidate to investigate the influence of fluorine substitution as a strategy to expand the medicinally-relevant chemical space of fungal metabolites. An isolate of the filamentous fungus Xylaria cubensis (strain MSX48662) was found to be a prolific producer of 1, biosynthesizing over 100 mg per a single rice-based fermentation culture grown in a 2.8 L Fernbach flask, 31 and thus, it was used for resupply purposes. Hence, the fungal extract was subjected to further studies and afforded six compounds, including 1 and structurally related analogues, four of which were known (2, 3, 5, and 6) and one of which (4) was new to the literature. Seven additional fluorinated analogues (7, 8a/8b, 9-12) were synthesized using 1, 3 and 4 as starting materials. All 12 compounds were evaluated for cytotoxicity against cancer cell lines, including human melanoma cancer cells (MDA-MB-435), human breast cancer cells (MDA-MB-231), human ovarian cancer cells (OVCAR3), and human hepatoma (Huh7.5.1) cells. 32 Moreover, the antifungal potency of 1-12 against Microsporum gypseum was assessed in a disk diffusion assay. Characterization of the chemical space of the isolated and synthesized analogues was also carried out by principal component analysis to correlate structural modifications with the observed bioactivities.
Results and discussion

Isolation of griseofulvin (1) and related analogues (2-6)
Organic extracts (CHCl 3 /CH 3 OH) from the rice-based fermentation cultures of MSX48662 were partitioned with organic solvents, subjected to flash chromatography, and were purified using preparative HPLC to yield griseofulvin (1) and five structurally related analogues (2-6), with 4 being new to literature. The structures of compounds 1-3 and 5-6 were established by analysis of HRESIMS and NMR data, all of which compared favorably to the literature (See the Supporting Information for spectral data). 33 revealed that the configurations at C-2 (S) and C-6 0 (R) of these compounds were identical. Thus, the structure of compound 4 was established as shown ( Fig. 1 ) and identified as (2S,5 0 R,6 0 R)-7-dechloro-5 0 -hydroxygriseofulvin.
Semi-synthesis and structural elucidation of fluorinated analogues
There are a few reports on the fluorination of griseofulvin and its analogues. 35, 36 For example, monofluorinated and difluorinated griseofulvin analogues have been prepared by Taub and co-workers in 1963 and Barton and co-workers in 1972 by electrophilic fluorination of griseofulvin using either perchloryl fluoride (FClO 3 ) 37, 38 or fluoroxytrifluoromethane (CF 3 OF), 39 two of the earliest electrophilic fluorination reagents. These harsh conditions resulted in the formation of several mono-and difluorinated products, including reaction of the enol-ether and some gem-difluoro derivatives. Our goal was to chemoselectively fluorinate ring A of griseofulvin without affecting the other functional groups, especially the enol-ether motif. Thus, Selectfluor, was used as the electrophilic fluorination reagent, since it is known to be milder and typically more chemoselective than other fluorination reagents. [40] [41] [42] Indeed, this strategy yielded only ring A fluorinated-derivatives; each substrate gave two mono-fluorinated compounds, with fluorination at either C-5 or C-7, which allowed us to probe the chemical space of these analogues. Seven fluorinated products (7, 8a/8b, 9-12) were obtained from Selectfluor reactions with compounds 1, 3, and 4 (Scheme 1). Fluorination of compounds 2, 5, and 6 was not attempted due to paucity of isolated starting materials from the fungal cultures. Selectfluor was chosen as the electrophilic fluorinating reagent and our results exemplify the chemoselectivity of this reagent. Of the possible reaction pathways, this reagent only fluorinated the C5 or C7 positions. All of the semi-synthetic products could be theoretically synthesized using traditional total synthesis efforts, however, our approach generated at least two completed analogues per reaction using the isolated compounds as the starting materials.
Addition of a solution of 1 (dissolved in CH 3 CN) to a CH 3 CN solution of Selectfluor afforded one minor compound (7) and an inseparable diastereoisomeric mixture of 8a/8b with a ratio of 2:1, as revealed by interpretation of the 1 H NMR data (Fig. S14) . The HRMS data for 7 indicated the incorporation of one fluorine atom with a molecular formula of C 17 groups at C-4 and C-6 resonated as doublets due to through-space coupling 43 with a coupling constant of J HF = 3.1 Hz for both. Their chemical shifts were slightly downfield (Dd 0.14-0.22, Fig. S10 ) due to their proximity to the F atom at C-5. (Table S9) were assignable to 16 carbon atoms consisting of two methoxy groups, one methyl, three methine (two sp 2 and one sp 3 ), one methylene, and nine non-protonated carbons (three carbonyls, four olefinic with three of them oxygenated, and two fully substituted carbons).
Comparison of the NMR data between 1 and 8a/8b indicated that rings B and C of both compounds were identical. However, modifications were made in ring A of 8a/8b, as the NMR data indicated oxidation at C-4 to a ketone due to the absence of a methoxy group and the presence of an extra carbonyl carbon (d C 176.9). The doublet signal observed for H-5 ( 3 J HF = 1.8 Hz) and the doublet signal 
46-52
The reaction of Selectfluor with 3 afforded two mono-fluorinated structural isomers 9 (major) and 10 (minor), both with a molecular formula of C 17 H 17 FO 6 based on HRESIMS data. Comparison of the 1 H NMR data of 9 (Table S10 ) and 10 (Table S11 ) with those of 3 indicated the loss of one aromatic proton signal attributed to H-5 and H-7, respectively. In compound 9, the C-4 methoxy resonance appeared more deshielded compared with the corresponding signal in 3 (Dd 0.3), and showed a doublet splitting pattern due to a through space coupling with the fluorine at C-5 (Figs. S19-20). Unlike its chloro-analogue (7), this coupling was observed for the methoxy group at C-4 only, which suggested that, in the preferred conformer, the methoxy group at C6 in 9 is rotated away from the fluorine. Likewise, the methoxy groups in compound 10 showed no through-space coupling with the fluorine, indicated that the dominant conformation presents the C6 methoxy group away from the fluorine atom. Alternatively, compound 7 prefers to adopt a conformation where the methoxy group at C-6 is in close proximity to the fluorine due to the steric effect imposed by the chlorine atom.
53,54
1 H NMR data for compound 9 also showed a doublet at d 6.37 , establishing the structure of 9 as 5-fluoro-7-dechlorogriseofulvin. The structure of 10 was established in an analogous manner and was identified as 7-fluoro-7-dechlorogriseofulvin (Table S11 ; Figs. S24-S28), which was previously reported by Taub and co-workers. 35 As was the case for 3, reaction of compound 4 with Selectfluor yielded two mono-fluorinated structural isomers, 11 and 12. The HRESIMS data served to verify the number of incorporated fluorine atoms in the compounds, while the NMR data was analyzed in the same manner as 9 (Tables S12-S13; Figs. S29-S38). This exercise established the structures of 11 and 12 as the 5 0 -OH analogues of compounds 9 and 10, respectively.
Biological evaluation
Griseofulvin (1) and all 11 analogues (2-12) were evaluated for their cytotoxic activity against three different cancer cell lines, specifically MDA-MB-435, MDA-MB-231, and OVCAR3 (Tables 1  and S14 ). Compounds 1 and 10 had moderate to minimal cytotoxicity, with IC 50 values ranging from approximately 6-50 mM, and other compounds were inactive at a 50 mM concentration. As a complementary dataset, we also tested 1-12 against human hepatoma Huh7.5.1 cells; the results were in agreement, indicating cytotoxic activity (ranging from approximately 10-25 lM) for 1 and 10 ( Fig. S39 ).
All compounds (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) were also tested in an antifungal assay against Microsporum gypseum, a dermatophyte that causes tinea capitis, tinea corpus, and other fungal infections of the skin. 55, 56 As shown in Tables 2 and S15, compound 10 retained the activity of 1, while 7 showed a slight decrease in activity. Compound 10 Scheme 1. Semi-synthesis of fluorinated compounds 7-12 with Selectfluor. The percent yields were calculated based on isolated product. Table 1 Cytotoxicity results for the active compounds.
a Compounds 2-9 and 11-12 were inactive (see Table S14 ). has previously been reported to retain the activity of 1 against the plant pathogen Botrytis alii, 35 but its activity against dermatophytes, particularly M. gypseum, has not been reported. The antifungal activity of 7 has not been reported previously.
Principal component analysis
The introduction of fluorine into molecules often results in significant changes in their molecular properties and biological activities. 30, 57 The small atomic size, very high electronegativity, and low polarizability of the fluorine atom are just a few of the characteristics that can have important consequences in a lead optimization program, particularly one focused on modifying privileged scaffolds. To compare the distribution in chemical space between the natural analogues (1-6) versus the fluorinated analogues (7) (8) (9) (10) (11) (12) , and identify structural features important to maintain griseofulvin's cytotoxic and antifungal activities, principal component analysis (PCA) was performed. Eleven molecular properties that describe the electron distribution, molecular surface, and solubility of the compounds were used in an attempt to emphasize the variation given by the addition of a fluorine. The first two principal components (PC1, PC2) retrieved 68% of the covariance, whereas the first three principal components (PC1-PC3) retrieved 87% of the covariance. Interestingly, two electronic descriptors, namely electron affinity (EA (eV)) and electrotopological state (Estate), had the highest contribution to PC1, while QPlogS, a descriptor related to the solubility of the compounds, had the highest contribution to PC2. The dipole moment of the molecule, an electronic descriptor, had the highest contribution to PC3. These results further emphasized that the addition of a fluorine atom changed mostly the electronic distribution within the molecules, as reflected in the clear separation in the PCA of the fluorinated vs. non-fluorinated analogues of griseofulvin (Fig. 2) . The 3D representation of the chemical space of 1-12 revealed several interesting features (Fig. 2) . For example, the 3D plot showed that the fungal metabolites clustered together, occupying a distinct region in the chemical space different from the fluorinated analogues, further illustrating that fluorine incorporation modified the molecular properties of the analogues. Additionally, fluorinated analogues 7, 9, and 10 were closer to griseofulvin in chemical space, suggesting that these analogues had similar electron distribution, solubility, and surface characteristics, which could indicate that these compounds had similar bioactivities. Similar results were observed on the 2D plot with PC1 and PC2 (Fig. S40) . The association between chemical similarity (as visualized by PCA using the set of descriptors) and similarity in bioassay results held true for 7 and 10 but not for 9. Compound 9 appears to be an activity cliff, 58 that is, a compound with similar structure to 1, 7 and 10 but different biological activity. Further inspection of the structure of the molecules indicates that compound 9 lacks the halogen atom at the C-7 position. This suggests that the highly electronegative nature and geometric size of a halogen at C-7 of ring A appears to be an important feature of 1, 7 and 10 in order to retain its biological effect. The biological activity observed for 7 can be rationalized given that the van der Waals radius of a fluorine atom (1.47 Å) is only slightly larger than that of hydrogen (1.20 Å). For compound 7, the replacement of the hydrogen atom with a fluorine atom at C-5 did not impart a large change in molecular volume or the overall structure of the compound, thus retaining the antifungal activity. The properties of the chlorine atom, particularly at the C-7 position (ortho relative to the C-6 methoxy group), may also impart steric constraints and/or electrostatic effects that may be necessary for optimum molecular recognition between the compound and an active site/receptor. A fluorine atom at C-7, instead of chlorine, as was the case in compound 10, may induce a similar electronic effect on the compound. The difference in electronegativity between the fluorine and carbon creates a large dipole moment in this bond, contributing to the overall electronic nature of the molecule, and this could lead to specific interactions with an active site/receptor. Although 10 retains the antifungal activity and cytotoxicity of 1, a decrease in potency was observed, which may be explained by a decrease in the steric bulk in 10 at C-7 due to a difference in van der Waals radius between a fluorine atom (1.47 Å) and chlorine (1.75 Å). A 2D plot of predicted aqueous solubility (QPlogS) and electron affinity (eV) similarly illustrated the variance in the distribution of the analogues across the chemical space (Fig. 3) . The addition of fluorine to the griseofulvin analogues increased the electron affinity of the compounds, and this was manifested in chemical space as separating the fluorinated analogues from the natural secondary metabolites. Compound 7, which is the C-5 fluorinated derivative of 1, shared similar molecular properties in chemical space as 1. Moreover, Figs. 2 and 3 illustrate that analogues 8a/8b, which lost the aromaticity at ring A, were in a different region of chemical space, far from the rest of the analogues. It was observed that the fluorinative dearomatization of ring A in 8a/8b significantly altered the properties of these compounds compared to griseofulvin (1). These changes could explain in part why 8a/8b were inactive. Overall, the addition of fluorine or a hydroxy group to the A or C rings, respectively improved the predicted solubility (Fig. 3) .
Conclusion
In summary, griseofulvin (1) and five analogues (2-6), with 4 being new to the literature, were isolated from X. cubensis. Additionally, a series of fluorinated analogues (7) (8) (9) (10) (11) (12) were synthesized, each requiring only a single step from the isolated natural products using Selectfluor. The chemoselective nature of Selectfluor allowed for direct, site-specific mutation of the natural products without the use of protecting groups or other redox-modifications. Of the synthesized analogues, 8a/8b, 9, 11, 12 are reported for the first time. All compounds were tested against the dermatophyte M. gypseum and in cytotoxicity assays against human melanoma cancer cells (MDA-MB-435), human breast cancer cells (MDA-MB-231), human ovarian cancer cells (OVCAR3), and human hepatoma cells (Huh7.5.1). Of the analogues, 10 retained the activity of 1 against M. gypseum, while 7 displayed decreased potency. Only compound 10 exhibited cytotoxic activity, but was less active compared to 1 against the MDA-MB-231 cells. To visualize the differences in the molecular and physicochemical properties generated by the addition of a single fluorine atom to the fungal secondary metabolites, PCA was used based on descriptors related to the electron distribution, solubility and molecular surface of the compounds. These descriptors captured the variation in the molecular properties and demonstrated that fluorinated analogues occupy a different region of chemical space than the fungal secondary metabolites. In addition, it was observed that the presence of a halogen in C-7 is important to maintain the biological activity for this class of compounds, as was observed for compounds 7 and 10. These two compounds were close to griseofulvin in the chemical space, results that were consistent with the bioassay testing. This suggests that PCA can be a useful tool to visualize and guide the analysis of relevant structure-activity relationships. Taken together, these results demonstrate the synergistic opportunity of combining natural products chemistry, chemoselective semi-synthetic methods, and cheminformatics to rapidly develop and evaluate new, structurally-complex chemical entities from privilege scaffolds.
Experimental section
General experimental procedure
All solvents and chemicals were purchased from standard suppliers and were used without any further purification. The NMR data were collected using either a JEOL ECS-400 spectrometer (JEOL USA, Inc.) operating at 400 MHz for 1 H and 100 MHz for 13 C, and equipped with JEOL normal geometry broadband Royal probe; or a JEOL ECA-500 spectrometer (JEOL USA, Inc.) operating at 500 multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, sept = septet, m = multiplet), coupling constant (Hz), and integration; whereas 13 
Fungal strain identification
Fungal strain MSX48662 was isolated from cedar wood collected in Little Rock, Arkansas and was identified using morphological and molecular methods 59 as described in detail previously. 31 Based on morphological characterization and molecular phylogenetic analysis, strain MSX48662 was identified as Xylaria cubensis (Sordariomycetes, Ascomycota). The sequence data for the strain utilized in the study was deposited in GenBank under accession number KX229783.
Fermentation, extraction, and isolation of natural products (1-6)
The fermentation of fungal strain MSX48662 was performed using procedures described previously with slight modifications. [60] [61] [62] Briefly, a fresh culture of the fungus was grown on a malt extract slant. Subsequently, a small agar plug with mycelium was inoculated in a liquid medium consisting of 2% soy peptone, 2% dextrose, and 1% yeast extract (YESD media). This was followed by incubation for approximately 7 days at room temperature (22°C) with shaking. The seed culture was used to inoculate a Fernbach flask (2.8 L) containing rice (150 g) and H 2 O (300 mL) and grown at rt for a period of 20 days. The solid fermentation culture was extracted by addition of 1:1 CH 3 OH/CHCl 3 (500 mL), followed by agitation for 16 h, and filtered. To the filtrate, 900 mL of CHCl 3 and 1500 mL of H 2 O were added, and stirred for 30 min. The biphasic solution was partitioned, and the organic phase was collected and dried in vacuo. The resulting dried extract was further partitioned between CH 3 OH/CH 3 CN (1:1, 300 mL) and hexanes (300 mL) to obtain fractions weighing 2 g and 4 g, respectively. The CH 3 OH/CH 3 CN soluble partition was then adsorbed on Celite 545, and subjected to silica flash chromatography on a 24 g RediSep Rf Gold Si-gel column, eluting with use of a gradient solvent system of hexane/CHCl 3 /CH 3 OH at a flow rate of 35 mL/min over 71 column volumes for a duration of 68 min to give 100 fractions each containing 25 mL. The resulting fractions were then pooled according to their ELSD and UV profiles, which resulted to 16 subfractions.
Fraction 6 (230 mg) was subjected to preparative reversedphase HPLC eluting with a linear gradient from 30% to 50% CH 3 CN in H 2 O (0.1% HCOOH) over 30 min to afford compound 1 (92 mg, t R = 20.0 min), 2 (1.0 mg, t R = 15.5 min), 3 (64 mg, t R = 16.5 min), and 4 (15 mg, 12.5 min). Fraction 7 (115 mg) was purified using the same preparative HPLC conditions yielding more of compounds 2 (11 mg, t R = 15.5 min) and 4 (17 mg, t R = 12.5 min). Fraction 9 (250 mg) was similarly chromatographed but using a linear gradient from 20% to 40% CH 3 CN in H 2 O (0.1% HCOOH) over 15 min followed by an increase in the gradient to 80% CH 3 CN to afford compounds 5 (1.9 mg, t R = 17.0 min) and 6 (2.7 mg, t R = 21.5 min).
(2S,6
0 R)-7-Chloro-2 0 ,4,6-trimethoxy-6 , 1H), 3.64 (s, 3H), 3.90 (s, 3H), 5.55 (s, 1H) 4, 36.7, 40.1, 56.3, 56.9, 90.0, 91.7, 93.6, 104.1, 104.7,  159.9, 167.9, 172.2, 175.8, 192 .6, 198.4 (See Table S6 and Fig. S7) 
(2S,5
0 R,6 0 R)-7-Chloro-5 0 -hydroxy-2 0 ,4,6-trimethoxy-6 0 -methyl- 3H-spiro[benzofuran-2,1 0 -cyclohexan]-2 0 -ene-3,4 0 -dione; 5 0 - hydroxygriseofulvin (2)
(2S,6
0 R)-7-Chloro-6-hydroxy-2 0 ,4-dimethoxy-6 0 -methyl-3H- spiro[benzofuran-2,1 0 -cyclohexan]-2 0 -ene-3,4 0 -dione; 6-O-desmethyl- 7-
General fluorination procedure with Selectfluor
To an ice-cold acetonitrile solution of the natural product (0.02 M) was slowly added a freshly prepared acetonitrile solution of Selectfluor (0.02 M). The reaction mixture was allowed to stir at 0°C for 4 h and then heated to 50°C and monitored by HPLC. After 24 h, the reaction mixture was cooled to room temperature and the solvent was removed in vacuo.
Fluorination of griseofulvin (1)
Griseofulvin (1) (10.0 mg, 0.028 mmol) and Selectfluor (15.1 mg, 0.043 mmol) were reacted via the general method. The residue was purified by preparative HPLC eluting with a linear gradient from 40% to 60% CH 3 CN in H 2 O (0.1% HCOOH) over 30 min to obtain 7 (t R = 19 min) and 8a/8b (t R = 13 min). 
Fluorination of 7-dechlorogriseofulvin (3)
7-Dechlorogriseofulvin (3) (7.0 mg, 0.022 mmol) and Selectfluor (11.7 mg, 0.033 mmol) were reacted via the general method. The residue was purified by preparative HPLC eluting with a linear gradient from 30% to 50% CH 3 CN in H 2 O (0.1% HCOOH) over 30 min to obtain compounds 9 (t R = 21 min), and 10 (t R = 18 min). 
Fluorination of 7-dechloro-5
0 -hydroxygriseofulvin (4) 7-Dechloro-5 0 -hydroxygriseofulvin (4) (6.2 mg, 0.018 mmol) and Selectfluor (9.8 mg, 0.027 mmol) were reacted via the general method. After purification using preparative HPLC eluting with a linear gradient from 30% to 50% CH 3 CN in H 2 O (0.1% HCOOH) over 30 min to obtain compounds 11 (t R = 16 min), and 12 (t R = 14 min). Table S12 
Cytotoxicity assay
Human melanoma cancer cells (MDA-MB-435), human breast cancer cells (MDA-MB-231) and human cancer cells (OVCAR3) were procured from the American Type Culture Collection (Manassas, VA). The cell lines were cultivated in RPMI 1640 medium, supplemented with fetal bovine serum (10%), penicillin (100 units/ mL), and streptomycin (100 mg/mL); and grown at 37°C under 5% CO 2 . Huh7.5.1 cells were cultured in DMEM medium as previously described. 63 Cells in log-phase growth were harvested by trypsinization followed by two washing to remove all traces of enzyme. Cells were seeded in 96-well clear, flat-bottom plate (Corning) at a density of 5000 cells per well, and each plate was incubated overnight at 37°C under 5% CO 2 . Samples dissolved in DMSO were diluted and added to the appropriate wells to give final concentrations of 20 and 2 mg/mL (20, 4, 0.8, 0.16, and 0.032 mM for pure compounds) with a total volume of 100 mL and 0.5% DMSO.
The cells with the test samples were then incubated for 72 h at 37°C. Cell viability was examined using a commercial absorbance assay (Cell titer 96 Ò Aqueous One Solution Cell Proliferation Assay, Promega Corp, Madison, WI). For Huh7.5.1 cells, viability was determined by measuring ATP levels in cells using the ATPlite kit (Perkin Elmer, Waltham, MA) as previously described. 64 Results are expressed as percent survival relative to the solvent (DMSO) control.
Antifungal assay
The test fungal isolate Microsporum gypseum was kept at the Fungal Culture Collection at the Department of Chemistry and Biochemistry at the University of North Carolina at Greensboro. The test isolate was maintained on Saboraud dextrose agar plates at rt and sub-cultured monthly throughout this study. The test compounds were dissolved in DMSO and 5 mL were loaded onto a 6 mm filter paper disk to obtain the desired 25 mg sample concentration per disk. Antimycotic activity was carried out by the agar disk diffusion method. 65, 66 Following growth of the fungi, the conidia were harvested in sterile distilled deionized water. The inoculum was adjusted to 0.5-1.0 OD ($10 5 cells/mL) at 600 nm. Mueller-Hinton agar supplemented with 2% glucose and 0.5 mg/ml methylene blue was then seeded with 100 lL of the inoculum. Disks impregnated with the test agent were aseptically added onto the surface of the inoculated plates. The sensitivity of the microorganism to the compounds was determined after 5 d by measuring the diameter (in mm) of the zones of inhibition around the disks.
Principal component analysis
The structures and SMILES where generated with ChemDraw and 11 molecular properties were calculated using QikProp (version 3.5). 67 The calculated properties can be divided in three main groups: electronic, surface, and solubility descriptors. The electronic descriptors were: calculated electron affinity EA (eV), predicted polarizability (QPpolrz), electrotopological state (Estate) and dipole moment of the molecule (dipole). The surface descriptors were: total solvent accessible area (SAS), hydrophilic component of the SASA (FISA), carbon and attached hydrogen component of the SASA (PISA), Van der Waals surface area of polar nitrogen and oxygen atoms (PSA), and solvent-accessible surface area of fluorine atoms (SAFluorine). The solubility descriptors were: free energy of solvation in hexadecane (QPlogPC16) and predicted aqueous solubility (QPlogS). To generate a visual representation of the chemical space based on these properties, a principal component analysis was performed using Molecular Operating Environment (version 2014.08), 68 and Data Warrior (version 4.2.2).
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